Beetles, representing the majority of the insect species diversity, are characterized by thick and hard cuticle, which plays important roles for their environmental adaptation and underpins their inordinate diversity and prosperity. Here, we report a bacterial endosymbiont extremely specialized for sustaining beetle's cuticle formation. Many weevils are associated with a γ-proteobacterial endosymbiont lineage Nardonella, whose evolutionary origin is estimated as older than 100 million years, but its functional aspect has been elusive. Sequencing of Nardonella genomes from diverse weevils unveiled drastic size reduction to 0.2 Mb, in which minimal complete gene sets for bacterial replication, transcription, and translation were present but almost all of the other metabolic pathway genes were missing. Notably, the only metabolic pathway retained in the Nardonella genomes was the tyrosine synthesis pathway, identifying tyrosine provisioning as Nardonella's sole biological role. Weevils are armored with hard cuticle, tyrosine is the principal precursor for cuticle formation, and experimental suppression of Nardonella resulted in emergence of reddish and soft weevils with low tyrosine titer, confirming the importance of Nardonella-mediated tyrosine production for host's cuticle formation and hardening. Notably, Nardonella's tyrosine synthesis pathway was incomplete, lacking the final step transaminase gene. RNA sequencing identified host's aminotransferase genes up-regulated in the bacteriome. RNA interference targeting the aminotransferase genes induced reddish and soft weevils with low tyrosine titer, verifying host's final step regulation of the tyrosine synthesis pathway. Our finding highlights an impressively intimate and focused aspect of the host-symbiont metabolic integrity via streamlined evolution for a single biological function of ecological relevance.
weevil | Nardonella | symbiont | genome | tyrosine S ymbiotic associations with microorganisms are ubiquitously found in a variety of insects, which are rated among the important factors underpinning their adaptation, diversity, and prosperity (1) (2) (3) . Many bacterial symbionts are indispensable for growth, survival, and reproduction of their insect hosts via, for example, provisioning of essential nutrients like amino acids and vitamins, where the host and the symbiont are integrated into an almost inseparable biological entity (4, 5) . In such obligate symbiotic associations, the symbiont genomes tend to exhibit conspicuous structural degeneration, massive gene losses, and drastic size reduction, which are attributable to relaxed natural selection acting on many symbiont genes no longer necessary for the permanent intrahost lifestyle, and also to accumulation of deleterious mutations driven by attenuated natural selection acting on the symbiont genomes due to strong population bottlenecks and restricted horizontal gene acquisitions associated with continuous vertical symbiont transmission over evolutionary time (4, 6, 7) . Some bacterial symbionts of plant-sucking insects like cicadas, leafhoppers, spittlebugs, psyllids, and mealybugs belonging to the order Hemiptera, which are associated with multiple endocellular bacterial cosymbionts within the symbiotic organ called the bacteriome, have experienced extreme genome reduction down to 0.2 Mb or smaller with 200 or less protein-coding genes (8) (9) (10) (11) (12) (13) , suggesting that metabolic complementation between the cosymbionts may have further facilitated the reductive genome evolution entailing losses of otherwise essential genes in either of the cosymbionts (7, (14) (15) (16) (17) .
In this study, we report another case of extremely reduced symbiont genome in a different insect group through a different evolutionary trajectory. Beetles, comprising the insect order Coleoptera, represent the majority of the biodiversity described
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Beetles are successful in the terrestrial ecosystem, which is attributable to, at least partly, their highly sclerotized exoskeleton. Here, we report a bacterial symbiont extremely specialized for underpinning the beetle's hardness. The ancient endosymbiont Nardonella associated with weevils has an extremely small genome devoted to a single biological function, tyrosine provisioning, which is needed for insect's cuticle formation and hardening. Notably, only the final step reaction of the tyrosine synthesis pathway is complemented by hostencoded aminotransferases up-regulated in the bacteriome, highlighting a highly focused aspect of the host-symbiont metabolic integrity. Both symbiont suppression by an antibiotic and RNA interference of the host aminotransferases induce reddish and soft weevils, verifying the pivotal role of the symbiosis for the beetle's hardness.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1712857114/-/DCSupplemental. (18) (19) (20) , of which weevils comprise the most species-rich group, the superfamily Curculionoidea, with some 70,000 described species in the world (19, 21, 22) . Many, if not all, weevils are associated with an ancient γ-proteobacterial endosymbiont lineage, Nardonella, in the bacteriome, whose evolutionary origin is estimated as older than 100 My (23) (24) (25) (26) (27) (28) (29) (30) (31) . Despite the longlasting host-symbiont coevolution, Nardonella's biological role has been poorly understood (26) . Previous studies have identified a number of weevil lineages in which Nardonella infections have been lost or replaced by different bacterial lineages, uncovering a strikingly dynamic aspect of the endosymbiotic evolution in the insect group (23, 24, (32) (33) (34) (35) .
Here, we report genomic, transcriptomic, and functional analyses of the Nardonella symbionts associated with diverse weevils, which unveiled their extremely reduced genomes down to as small as 0.2 Mb in the absence of any cosymbionts. The tiny genomes encode minimal but complete gene sets for bacterial replication, transcription, and translation, while lacking almost all of the other metabolic pathway genes, which indicate Nardonella's near-complete dependence on host-derived metabolites toward a minimal cellular entity through the ancient coevolutionary history. Notably, a set of metabolic genes is conspicuously retained in the Nardonella genomes, namely synthesis pathway genes for a specific amino acid, tyrosine. Weevils are armored with hard cuticle, tyrosine is the principal precursor needed for cuticle formation, and the Nardonella genome has been streamlined for a single biological function, tyrosine provisioning, for sustaining the weevil's highly sclerotized exoskeleton, which elucidates the general importance of endosymbiontprovisioned tyrosine for cuticle formation in weevils (36, 37) , and potentially also in other beetles. Furthermore, we demonstrate that, reflecting the absence of transcriptional regulators in the tiny symbiont genome, Nardonella's tyrosine provisioning is controlled by host's final step regulation of the synthesis pathway.
Results and Discussion
Weevil-Nardonella Endosymbiotic System. In the black hard weevil Pachyrhynchus infernalis ( Fig. 1 A and B) , Nardonella exhibited characteristic and specific endocellular localizations. In larvae, the symbiotic bacteria were localized within a conspicuous symbiotic organ, called the bacteriome, consisting of petal-like lobes surrounding the foregut-midgut junction ( Fig. 1 C and D) . In adult females, the larval bacteriome was not found, and the symbiotic bacteria were concentrated at a tip region of the ovarioles and also in developing oocytes (Fig. 1E ). In the bacteriomes, the symbiotic bacteria were located within the cytoplasm of numerous bacteriocytes (Fig. 1F) as slender bacterial cells (Fig. 1G) . Similar localization patterns of Nardonella were observed in the red palm weevil Rhynchopholus ferrugineus, the giant weevil Sipalinus gigas, the West Indian sweet poptato weevil Euscepes postfasciatus, and other weevil species, although (D) Nardonella Pin of the black hard weevil P. infernalis (Curculionidae: Entiminae). Nardonella Sgi has a 2,117-bp plasmid encoding only two genes, mscS and ibpA-like. mscS, which is retained in all of the Nardonella genomes, encodes a channel for osmoregulation that exports water and ions upon hypotonic conditions (77) . ibpA, which is found in Nardonella Epo but absent in Nardonella Rfe and Nardonella Pin, encodes a small chaperone Hsp20 (78) . Note that the synteny of mscS and ibpA on the plasmid of Nardonella Sgi is conserved on the chromosome of Nardonella Epo.
size and shape of the bacteriomes as well as those of the bacterial cells were considerably different between the species (25, 29) (SI Appendix, Fig. S1 ).
Extremely Reduced Nardonella Genomes. From these four weevil species, the larval bacteriomes were dissected, extracted for DNA preparation, and subjected to library construction, sequencing, and assembly, by which we obtained the complete Nardonella genome sequences ( Fig. 2 and SI Appendix, Table  S1 ). The main circular genomes of the Nardonella symbionts were strikingly small, ranging from 0.20 Mb to 0.23 Mb in size, with only 196-226 putative protein-coding ORFs. In the Nardonella Sgi genome, a 2.1-kb plasmid encoding only two genes was identified. Although extremely reduced, the Nardonella genomes retained a minimal but complete set of genes needed for replication, transcription, and translation: three or more ribosomal RNAs, 27 or more transfer RNAs, and all 20 aminoacyl tRNA synthetases (SI Appendix, Tables S1-S3). Besides some minor bacterial reads and contigs derived from contaminants, no other predominant bacterial contigs were identified, confirming the histological observations that these weevils harbor no major bacterial symbionts other than Nardonella in the bacteriome (25, 29) ( Fig. 1 and SI Appendix, Fig. S1 ).
Extreme Metabolic Capacity of Nardonella Specialized for Tyrosine Synthesis. Reflecting their extreme genome reduction, the general metabolic capacity of the Nardonella symbionts was stringently limited: no synthesis genes for amino acids (aside from the exception involving tyrosine described later), no synthesis genes for B vitamins and cofactors (but a few genes for Fe-S cluster assembly), no functional nucleotide synthesis pathways, no TCA cycle genes, almost no pentose-phosphate pathway genes, no functional glycolysis pathway, and substantial absence of genes for energy metabolism, sugar transport, lipid synthesis, and flagellar apparatus ( Fig. 3 and SI Appendix, Table S2 ). The only pathways that seemed to be complete were the synthesis pathway for tyrosine and the synthesis pathway for peptidoglycan (Fig. 3) . Considering that the peptidoglycan synthesis is needed for cell wall construction to ensure the bacterial cell integrity, the Nardonella genome seems to be specialized toward production of a single amino acid, tyrosine.
In Vitro Assay of Nardonella's Tyrosine Synthesis. Hence, we constructed an in vitro assay system for testing whether Nardonella is capable of synthesizing tyrosine and other amino acids ( Fig. 4 A-C). When bacteriomes dissected from mature larvae of P. infernalis were individually incubated with a culture medium containing 15 N-labeled glutamine as a source of the amino group for newly synthesized amino acids, we observed that (i) essential amino acids were scarcely 15 N-labeled, reflecting the absence of the synthesis pathways in both the host and the symbiont (Fig. 4D) ; (ii) some nonessential amino acids were 15 N-labeled, likely owing to the synthesis pathways operating in the host bacteriocytes (Fig.  4E) ; and (iii) among semiessential amino acids, tyrosine exhibited a remarkably high proportion (about 50%) of 15 N-labeling (Fig.  4F ). These results suggest that the Nardonella symbiont in the bacteriome is preferentially synthesizing a substantial quantity of tyrosine.
High Temperature Eradication of Nardonella Infection in P. infernalis. As previously described in a variety of insect-microbe symbiotic systems (38, 39) , rearing of P. infernalis larvae at an elevated temperature, 30°C, resulted in drastically suppressed symbiont titers in the bacteriomes (about 1/530 in terms of symbiont groEL gene copies) in comparison with control larvae reared at 25°C (Fig. 4G ). Considering that quantitative PCR also detects DNA molecules derived from dead bacterial cells, the level of symbiont suppression may actually be more severe. Accordingly, tyrosine synthesis by the dissected bacteriomes was also drastically suppressed in the larvae reared at 30°C (about 1/150 in terms of 15 N-labeled tyrosine titers) in comparison with the control larvae reared at 25°C (Fig. 4H) . These results indicate that the Nardonella symbiont is certainly involved in tyrosine synthesis and that the Nardonella-harboring bacteriome may function as a tyrosine-producing organ.
Nardonella Rfe
Nardonella Sgi Nardonella Epo Nardonella Pin Carsonella DC Hodgkinia Dsem Escherichia coli K12 Tremblaya PCIT Buchnera APS Sulcia GWSS Fig. 3 . Comparison of the metabolic gene repertoire between Nardonella genomes and other extremely reduced symbiont genomes. The minimal number of genes for a metabolic pathway is shown in each of the brackets. Each color indicates the ratio of retained genes to the minimal gene set for a metabolic pathway: green for 100%, orange for 75-99%, yellow for 50-74%, blue for 25-49%, and gray for 0-24%. Nardonella's tyrosine synthesis pathway genes are highlighted in red. In the Nardonella Epo genome, aroE gene, located between def and sufE genes in the other Nardonella genomes, is lost and replaced by a 168-bp spacer sequence, which may be relevant to the fact that its host E. postfasciatus is smaller in size with thinner cuticle in comparison with the other large and hard weevil species R. ferrugineus, S. gigas, and P. infernalis.
Antibiotic Suppression of Nardonella Infection in P. infernalis. While the larvae of P. infernalis reared at 25°C normally became adults, none of the larvae reared at 30°C attained adulthood, suggesting that Nardonella is essential for pupal/adult survival or the high temperature condition is detrimental to pupal/adult survival. Hence, we attempted to develop a rearing condition for P. infernalis under which the Nardonella infection is not eradicated but suppressed significantly without high temperature. Finally, in addition to the standard rearing system on sweet potatoes (SI Appendix, Fig. S2 A-C) , we established an agarbased artificial diet rearing system for P. infernalis, to which antibiotics can be conveniently supplemented, to generate and investigate normal and symbiont-suppressed insects (SI Appendix, Fig. S2 D-F) . On the control artificial diet, the larvae grew normally with their bacteriomes full of Nardonella cells (Fig. 5 A,  C , and E and SI Appendix, Table S4 ). On the antibioticsupplemented artificial diet containing 0.003% rifampicin, the larvae also grew, but their bacteriomes were depleted of Nardonella cells (Fig. 5 B, D , and F and SI Appendix, Table S4 ). In mature larvae, the Nardonella titers in the antibiotic-treated insects were estimated by quantitative PCR to be around 10 times lower than those in the control insects ( Fig. 5 G and J) . In pupae and adults, notably, the Nardonella titers in the antibiotic-treated insects were still lower but recovering toward the levels of the control insects (Fig. 5 H, I , K, and L). Plausibly, intake of the antibiotic stopped upon the cessation of larval feeding before pupation, and remaining Nardonella cells proliferated and restored the infection density during the prepupal and pupal periods. The life tables of P. infernalis reared on the control diet and the antibiotic-supplemented diet revealed that the antibiotic treatment resulted in (i) lower mortality during the larval period (P < 0.05), (ii) higher mortality during the prepupal period (P < 0.05), (iii) higher mortality of pupae and newly emerged adults (although statistically not significant), and (iv) higher overall lifetime mortality (SI Appendix, Tables S4 and S5 ). These patterns were generally concordant with the results of fitness measurements: The antibiotic treatment resulted in greater larval body weight (P < 0.05) and prolonged pupal period (P < 0.05) (SI Appendix, Fig. S3 ). The superior performance of the antibiotic-treated larvae was likely relevant to the condition of the artificial diets. While the antibiotic-supplemented diet plates were usually clean throughout the rearing period (SI Appendix, Fig. S2D ), the control diet plates suffered microbial contaminations, in particular bacterial ones, more frequently than the antibiotic-supplemented diet plates, which entailed change of color and smell of the diet (SI Appendix, Fig. S2E ), and larvae on such contaminated diet plates tended to exhibit retarded growth or death. Meanwhile, the inferior performance of the antibiotictreated prepupae, pupae, and adults seemed to be due to the antibiotic-induced symbiont depletion. It should be noted that almost all adult insects that successfully emerged were Nardonella-infected (Fig. 5 I and L) and a few Nardonella-deficient adult insects were frail and died early as described later, favoring the notion that Nardonella is essential for pupal/adult survival.
Effects of Nardonella Suppression on Adult Color and Cuticle Formation in P. infernalis. The majority of the adult insects that emerged from the control diet were morphologically normal with black and rigid elytra (Fig. 6A) , whereas the Nardonella-suppressed adult insects that emerged from the antibiotic-supplemented diet frequently suffered morphological abnormalities with reddish, crumpled, and/or deformable elytra (Fig. 6 B-D and SI Appendix, Fig. S4 ). Elytra color analysis (Fig. 6 E-G and SI Appendix, N-labeled and unlabeled amino acid fractions are depicted by dark green and light green, respectively. Asterisks indicate undetected amino acids, methionine, and cysteine. (G and H) Nardonella titers (G) and tyrosine synthesis activities (H) in the bacteriomes dissected from control larvae reared at 25°C and heat-treated larvae reared at 30°C. Asterisks indicate statistically significant differences [likelihood-ratio test of a generalized linear model (GLM) assuming a Gamma error distribution; ***P < 0.001]. Tukey box plots indicate the median (bold line), the 25th and 75th percentiles (box edges), the range (whiskers) and outliers, which are larger or smaller than 1.5 times the interquartile range from the box edge (dots), with sample sizes at the bottom. S5) revealed that the antibiotic-treated adult insects exhibited significantly more reddish elytra in comparison with the control adult insects, while the reddish color turned into black as the insect age proceeded (Fig. 6J) . The red-black color transition was partly because reddish frail adult insects, which were presumably suffering severe symbiosis deficiency, tended to die early, and also because surviving adult insects became darker in color.
Physical property analysis of the elytra using a viscoelastometer (Fig. 6 H and I) revealed that, unexpectedly, the elastic modulus, a qualitative index of physical hardness, was not significantly different between the control insects and the antibiotic-treated insects irrespective of adult aging (Fig. 6K) . However, elytra thickness increased as the insect age proceeded, and the control adult insects developed thicker elytra than the antibiotic-treated adult insects (Fig. 6L) . These results indicate that the Nardonella-suppressed adult insects exhibit reddish and thinner elytra in contrast to black and thicker elytra of the control adult insects.
Effects on Nardonella Suppression on Levels of Tyrosine and L-DOPA During Pupal and Adult Development of P. infernalis. In the process of cuticular pigmentation and hardening in beetles and other insects, tyrosine and its derivative L-dopa (L-DOPA) play essential roles as principal substrates for initiating a series of chemical reactions toward cuticle tanning, polymerization, and melanization (40, 41) (SI Appendix, Fig. S6) . Quantification of the levels of tyrosine and L-DOPA in hemolymph of mature larvae, pupae, and newly emerged adults of P. infernalis revealed that (i) the levels of tyrosine were consistently 10-100 times higher than the levels of L-DOPA irrespective of the developmental stages and the symbiotic conditions ( Fig. 7 A-F) , probably reflecting the fact that L-DOPA is a transient intermediate in the cuticle formation process (SI Appendix , Fig. S6 ); (ii) both the levels of tyrosine and L-DOPA were the highest at the pupal stage ( Fig. 7 A-F) , suggesting active mobilization of these metabolites at the developmental stage of active adult body formation; (iii) at the mature larval stage, the levels of tyrosine were significantly higher in the control insects than in the antibiotic-treated insects (Fig. 7A) , suggesting that the normal symbiotic larvae are able to synthesize and accumulate more tyrosine than the symbiosis-deficient larvae; and (iv) at the pupal stage, the levels of L-DOPA were significantly higher in the control insects than in the antibiotic-treated insects (Fig. 7E) , suggesting the possibility that the normal symbiotic pupae are recruiting L-DOPA and constructing adult cuticles more actively than the symbiosis-deficient pupae. Moreover, by carefully monitoring plastic sandboxes in which pupae were observable in pupal chambers adjacent to a transparent wall (SI Appendix, Fig. S2 G-I) , we collected teneral adult insects newly eclosed within 24 h (Fig.  7G) and measured the levels of tyrosine and L-DOPA in their hemolymph ( Fig. 7 H and I) . As the cuticle pigmentation in the teneral adult insects proceeded, the tyrosine levels tended to decrease in both the control adult insects and the antibiotic-treated adult insects (Fig. 7H) .
Nardonella as an Ancient Symbiont Specialized for Provisioning
Tyrosine That Underpins Hard Cuticle of Weevils. All these results taken together, we conclude that the ancient endosymbiont Nardonella has experienced an extremely streamlined genome evolution toward a specific biological function, namely tyrosine provisioning, which underpins the formation of the hard cuticle of weevils. Weevils constitute the most species-rich animal group with some 70,000 described species, including many highly sclerotized lineages such as Pachyrhynchus spp., Eupholus spp., Rhynchophorus spp., and Trigonopterus spp. (19, 21, 22, (42) (43) (44) . The hard cuticle of these and other weevils has been shown to confer mechanical strength, antipredator effects, tolerance to desiccation, and other beneficial consequences, which facilitate their survival and adaptation (45) (46) (47) (48) . In this context, the Nardonella-mediated tyrosine production and cuticle sclerotization are likely to play pivotal roles in the biology of weevils, which potentially contribute to their diversity and prosperity. Whether such symbiont-assisted cuticle hardening is also found in other insect groups deserves future survey of diverse beetle-microbe associations. Recent detailed structural studies unveiled that, among diverse beetles, weevils are prominent in that their cuticle exhibits a . In G-L, asterisks indicate statistically significant differences (likelihood-ratio test of GLM assuming a Gamma error distribution; *P < 0.05; ***P < 0.001; ns, no significant difference). Tukey box plots are as shown in Fig. 4 G and H.
peculiar microstructure of densely interlocked exocuticle and endocuticle, which may be relevant to the mechanical strength of their exoskeleton (48, 49) . Whether the symbiont-provisioned tyrosine contributes to formation of the cuticular structure, and if so, how, is of interest and open to future investigation.
Insights into Symbiont Replacements and Diversification in Evolution
of Weevils. While the Nardonella symbionts have been conserved among diverse weevils and cospeciated with the weevil hosts for over 100 My (23) (24) (25) (26) (27) (28) (29) (30) (31) , previous studies have identified a number of weevil lineages in which the Nardonella symbiont had been either lost or replaced by novel bacterial symbionts (23, 24, (32) (33) (34) (35) . The extremely reduced Nardonella genome down to 0.2 Mb (Fig. 2 and SI Appendix, Table S1 ) must be relevant to the recurrent symbiont losses and replacements as a consequence of genomic decay theoretically expected and empirically observed in ancient symbiont lineages subjected to strict vertical transmission and strong population bottleneck (4, 6, 7, (14) (15) (16) (17) . The highly specific Nardonella's function, tyrosine provisioning only, is also likely to have facilitated the symbiont losses and replacements. For example, in weevil lineages that had evolved feeding habits on tyrosine-rich food sources, it is expected that evolutionary losses of Nardonella may proceed easily. Considering that many bacteria are capable of synthesizing amino acids including tyrosine, any bacterial infections with secondary facultative symbionts or gut microbial associates may potentially result in complementation of Nardonella's biological function. Such a symbiont replacement has been presumed and best documented for grain weevils of the genus Sitophilus, in which Nardonella was replaced by a γ-proteobacterial lineage Sodalis pierantonius (23, 24, 32, 50) . The weevil-associated Sodalis genome was determined as 4.5 Mb in size, which was much larger than the Nardonella genome and retaining many metabolic pathways intact; however, the Sodalis genome was full of amplified IS elements and pseudogenes (50, 51) , representing an early stage of the degenerative genome evolution after replacing the original Nardonella symbiont. A number of classic and recent studies have documented a variety of biological roles of the Sodalis symbiont for the grain weevils: at phenotypic levels, enhanced growth, survival, and fecundity (37, 52, 53) , improved flight activity (52, 54) and facilitated cuticular tanning and hardening (36, 37, 52) ; and at biochemical and metabolic levels, provisioning of B vitamins such as pantothenic acid, biotin, and riboflavin (55), supply of aromatic amino acids phenylalanine and tyrosine (36, 37) , metabolism of methionine and sarcosine (56, 57) , and involvement in mitochondrial energy metabolism (58, 59) . Our results strongly suggest that the tyrosine provisioning, which underpins the cuticle hardening and the fitness improvement, is the original essential role of the weevilbacterium endosymbiosis, and the other biological functions are likely acquired following the symbiont replacement from Nardonella to Sodalis in an ancestor of the grain weevils.
Incomplete Tyrosine Synthesis Pathway of Nardonella. It should be noted that, despite the importance of tyrosine provisioning for the host weevil, Nardonella's tyrosine synthesis pathway is incomplete, lacking the final step gene, tyrB, that encodes a tyrosine transaminase (Fig. 8A and SI Appendix, Fig. S7 ). We expected that the final step reaction of converting 4-hydroxyphenylpyruvate (HPP) to tyrosine may be catalyzed by some gene(s) expressed in the host bacteriome. In the genome of Drosophila melanogaster (60), there are three aminotransferase genes, namely glutamate oxaloacetate transaminase 1 (GOT1), glutamate oxaloacetate transaminase 2 (GOT2), and tyrosine aminotransferase (TAT), which are potentially capable of converting HPP to tyrosine by transamination. Hence, we surveyed the transcriptomes of P. infernalis for these aminotransferase genes.
Genes of P. infernalis Up-Regulated in the Bacteriome and Complementing
Nardonella's Tyrosine Synthesis Pathway. We performed RNA extraction of bacteriomes and midguts dissected from mature larvae of P. infernalis reared on the control diet and the antibioticsupplemented diet, and the RNA samples were subjected to RNA sequencing analysis (SI Appendix, Table S6 ). From the assembled contigs, we identified three GOT1 (designated as GOT1A, GOT1B, and GOT1C), two GOT2 (GOT2A and GOT2B) and one TAT gene sequences (accession numbers LC260175-LC260180), which were orthologous to those of D. melanogaster and other insects based on molecular phylogenetic analyses (Fig. 8B) . TPM (transcripts per million reads) values indicated that, among them, GOT1A and GOT2A represented the overwhelmingly predominant transcripts in the bacteriomes of Nardonella-infected control insects (Fig. 8 C-H) . Quantitative RT-PCR analysis of dissected tissues confirmed preferential expression of GOT2A and GOT1A in the larval bacteriomes ( Fig. 8 I and J) .
Host's Aminotransferase Genes Involved in Nardonella-Mediated
Tyrosine Production and Cuticle Formation. Based on these results, we attempted to suppress the expression levels of GOT2A and GOT1A (and additionally TAT) by RNAi. Injection of dsRNA into mature larvae resulted in significant suppression of GOT2A and GOT1A, while we could not detect RNAi effects on TAT because of the originally very low expression level (Fig. 9A) .
In vitro culturing of bacteriomes dissected from mature larvae, which had been injected with dsRNAs targeting GOT2A, GOT1A, and TAT, revealed significantly reduced tyrosine production in association with drastically reduced expression levels of GOT2A and GOT1A (Fig. 9B) . To observe phenotypic consequences of the mixed dsRNA injection, some of the injected larvae were reared to adulthood but in vain: Most died as pupae and a few died as teneral adults in pupal chambers without cuticle sclerotization. Hence, we performed another experiment in which only GOT2A was suppressed by RNAi. The treated larvae injected with dsRNA targeting GOT2A attained 40% (10/25) adult emergence rate, which was similar to the 42% (10/24) adult emergence rate of the control larvae injected with dsRNA targeting GFP (Fig. 9C) . Notably, the GOT2A-suppressed adult insects tended to exhibit morphological abnormalities, represented by reddish, crumpled, and/or deformed elytra, in comparison with the control adult insects that were mostly with normally sclerotized black elytra (Fig. 9C) . Elytra color analysis confirmed that the GOT2A-suppressed adult insects were more reddish in comparison with the control adult insects (although the differences were statistically not significant) and the reddish color became darker as the insect age proceeded (Fig. 9D) . These results strongly suggest that the host's aminotransferase genes upregulated in the bacteriome are needed for Nardonella-mediated tyrosine production in the bacteriome and involved in formation and pigmentation of adult cuticle.
Host's Final
Step Control over Symbiont's Metabolic Pathway. All these results taken together, we conclude that the Nardonella's sole and most important role, tyrosine synthesis, is subjected to the final step regulation by host's enzymes up-regulated in the symbiotic organ, which highlights an impressively intimate and focused aspect of the host-symbiont metabolic integrity. We suggest that the regulation by the host side may have been evolutionarily facilitated by, on one hand, the extremely reduced Nardonella genome that has purged out transcriptional and translational regulator genes, and on the other hand, the drastic change in demand for tyrosine, much more for highly sclerotized adults than for nonsclerotized larvae, in the developmental course of the weevil host. In the aphid-Buchnera endosymbiosis, similar patterns are observed in metabolic pathway genes for synthesis of essential amino acids isoleucine, leucine, valine, and phenylalanine, and also tyrosine. Specifically, the Buchnera genome encodes almost all of the synthesis pathway enzymes for these amino acids except for the final step enzymes, which are complemented by host-encoded enzymes, namely, branched-chain aminotransferase for isoleucine, leucine, and valine; aspartate aminotransferase for phenylalanine; and phenylalanine 4-monooxigenase for tyrosine (61) (62) (63) (64) (65) (66) (67) (68) . Notably, in contrast to the synthesis pathway for tyrosine via phenylalanine in Control Antibiotic the aphid-Buchnera system, the synthesis pathway for tyrosine in the weevil-Nardonella system circumvents phenylalanine (SI Appendix, Fig. S7 ), which is probably relevant to the facts that (i) distinct from the Buchnera of aphids, Nardonella of weevils is incapable of synthesizing phenylalanine; (ii) weevils require incomparably more tyrosine for building their hard cuticle than aphids; (iii) thus, if Nardonella could synthesize tyrosine from phenylalanine, it would readily end up with depletion of the essential amino acid phenylalanine in weevils; and (iv) this is probably the reason why Nardonella has evolved the phenylalanineindependent synthesis pathway for tyrosine. In the aphid-Buchnera system, amino acid transporter proteins located at the host symbiosomal membrane in the bacteriocyte play pivotal roles for metabolite exchange and host-symbiont metabolic integration (69, 70) . In the weevil-Nardonella system, it is of interest but unknown how the precursor of tyrosine, 4-HPP, produced by the symbiont is transported to the host cytoplasm within the bacteriome (SI Appendix, Fig. S7) , which is open to future investigation.
Conclusion and Perspective
The weevil-Nardonella system represents an unprecedented form of nutritional symbiosis. The extremely reduced symbiont genome, around 0.2 Mb in size, encodes minimal but complete gene sets for bacterial cell replication, transcription, and translation, while lacking almost all of the other metabolic pathway genes, which is indicative of Nardonella's near-complete dependence on hostderived metabolites toward a minimal cellular entity through the ancient endosymbiotic evolution. The only functional metabolism retained in the Nardonella genome is the tyrosine synthesis pathway, uncovering the sole biological role of Nardonella as a tyrosine supplier. Experimental suppression of Nardonella infection results in emergence of reddish and soft weevils, verifying the importance of Nardonella for host's cuticle formation and hardening. In accordance with the stringently limited gene repertoire of Nardonella lacking transcriptional and translational regulators, the Nardonella-mediated tyrosine synthesis is regulated by host aminotransferases up-regulated in the bacteriome at the final step of the synthesis pathway, highlighting an intricate host-symbiont metabolic integration that underpins the bacteriome function as a tyrosine-producing organ. In an evolutionary perspective, the extremely reduced Nardonella genome specialized for a single metabolic function may have facilitated the recurrent symbiont losses and replacements observed in weevils. In an ecological perspective, the symbiont-assisted formation of hard cuticle may have contributed to, at least to some extent, the adaptation, diversity, and prosperity of weevils. The weevil-Nardonella endosymbiotic system presents an impressive example as to how far such an intimate and ancient host-symbiont association can go over evolutionary time and why such a highly sophisticated symbiotic system inherently entails evolutionary consequences of instability, losses, and replacements.
Materials and Methods
Weevil samples used in this study are as listed (SI Appendix, Fig. 8 . Identification of GOT1, GOT2, and TAT genes of P. infernalis that are potentially involved in tyrosine synthesis in place of Nardonella's tyrB gene.
(A) Tyrosine synthesis pathway encoded by the Nardonella genome. Also see SI Appendix, Fig. S7. (B) Phylogenetic relationship of GOT1, GOT2, and TAT transcripts identified from P. infernalis to those from the fruit fly D. melanogaster, the flour beetle T. castaneum, and the bark beetle D. ponderosae.
A maximum-likelihood phylogeny inferred from 515 aligned amino acid sites is shown with bootstrap values on the nodes in the order of maximum likelihood/neighbor joining. Note that three GOT1 (GOT1A, GOT1B, and GOT1C), two GOT2 (GOT2A and GOT2B) and one TAT sequences were obtained from P. infernalis, which are highlighted in red. In brackets are sequence accession numbers. (C-H) TPM values for GOT1A (C), GOT1B (D), GOT1C (E), GOT2A (F), GOT2B (G), and TAT (H) genes transcribed in bacteriomes and midguts dissected from mature larvae reared on the control diet and the antibioticsupplemented diet. (I and J) Quantitative RT-PCR evaluating the expression levels of GOT2A (I) and GOT1A (J) in tissues dissected from mature larvae. Gene copy numbers evaluated by quantitative RT-PCR are normalized as per EF1α gene copy. Different letters (a, b, c) indicate statistically significant differences (likelihood-ratio test of GLM and post hoc multiple comparisons; P < 0.05). S2). Histological analyses were conducted as described (28, 71) . Symbiont genome sequencing and annotation were performed as described (72) (73) (74) (75) . Transcriptomic data of the host bacteriomes were obtained by RNA sequencing using TruSeq RNA Sample Preparation Kit v2 (Illumina) and HiSeq2000 sequencer (Illumina), and analyzed using the program Trinity (76) implemented in the MASER pipeline (cell-innovation.nig.ac.jp/). Symbiont visualization by fluorescence in situ hybridization, symbiont quantification by quantitative PCR, and evaluation of host gene expression by quantitative RT-PCR were conducted using the probes and primers listed (SI Appendix, Table S8 ). Tracer experiments with [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] N] glutamine (Cambridge Isotope Laboratories) using tissue culture and amino acid analyses were performed using a high-performance liquid chromatography system (Prominence, Shimadzu) with a Shim-pack FC-ODS column (150 mm × 2 mm i.d., Shimadzu) and an electrospray ionization mass spectrometry system (LCQduo; Thermo). Elytra color analysis was conducted using the software Natsumushi version 0.99. An automatic dynamic viscoelastometer (Rheovibron DDV-25FP; A&D) was used to measure mechanical properties of elytra.
See SI Appendix, SI Materials and Methods for complete details on the materials and methods.
A B C D Fig. 9 . RNA interference (RNAi) suppression of host's tyrosine synthesis genes up-regulated in the bacteriome of P. infernalis, and its effects on cuticle formation and pigmentation. (A) RNAi targeting GOT2, GOT1, and TAT by injecting double-stranded RNA (dsRNA) into mature larvae. Expression levels of GOT2A, GOT1A, and TAT were measured by quantitative RT-PCR 3 d after the injection. Different letters (a, b, c) indicate statistically significant differences (likelihood-ratio test of GLM and post hoc multiple comparisons; P < 0.05). (B) Tyrosine synthesis activity of dissected larval bacteriomes suppressed by RNAi of GOT2 and GOT1. Mature larvae were injected with dsRNAs, their bacteriomes were dissected 7 d after the injection and cultured in a medium containing 15 N-labeled glutamine for 2 h, and the bacteriomes were subjected to quantitative RT-PCR, whereas the culture media were analyzed by LC-MS for quantification of 15 N-labeled tyrosine. Asterisks indicate statistically significant differences (likelihood-ratio test of GLM assuming a gamma error distribution; ***P < 0.001). (C) Images of adult insects on the day of emergence, which were subjected to larval injection with either GFP dsRNA or GOT2A dsRNA. Numbers on the top of the images indicate the values of elytra redness. (D) Comparison of elytra redness between the adult insects 0, 7, and 35 d after emergence. "ns" indicates no statistically significant difference (Wilcoxon rank sum test; P > 0.05). Tukey box plots are as shown in Fig. 4 G and H. Note that the primers for quantitative RT-PCR are highly specific, whereas dsRNAs for RNAi may potentially cause some crosssuppressions: dsRNA for GOT2A may also recognize GOT2B, and dsRNA for GOT1A may also target GOT1B and GOT1C (SI Appendix, Fig. S8 ).
